Rats received excitotoxic lesions of different subsystems within the hippocampal systemeither the hippocampus proper (cornu ammonis and dentate gyrus; hippocampal lesions) or the entorhinal cortex-subicular region (entorhinal lesions). Subsequently, their activity in an operant chamber was monitored both before and after footshock had been delivered (Experiment 1). Rats with hippocampal lesions showed enhanced activity before the delivery of footshock and reduced freezing after the delivery of shock. Rats with entorhinal lesions showed control levels of activity before the delivery of footshock and control levels of freezing after the delivery of footshock. Both types of lesion impaired spatial learning in a water maze (Experiment 2). These results suggest that the deficits arising from damage to the hippocampal system in contextual and spatial learning have different origins.
A rat exhibits a characteristic freezing response when placed in an experimental chamber or context in which it has previously received footshock (see, e.g., Bouton & Bolles, 1980) . It is well established that the acquisition of contextual freezing can be disrupted by lesions placed in the hippocampal system (Kim & Fanselow, 1992; Phillips & LeDoux, 1992 ; see also Selden, Everitt, Jarrard, & Robbins, 1991) . These findings suggest that the hippocampal system is involved in the process of associating contextual stimuli with footshock. This is clearly an appealing analysis: Contextual freezing, like spatial learning in the water maze (Bannerman, Good, Butcher, Ramsay, & Morris, 1995) , is now used as a behavioral assay for investigating learning and memory at a variety of levels ranging from basic behavioral processes (Fanselow, 1990; Kiernan & Westbrook, 1993) to transgenic studies concerned with identifying molecular mechanisms (Abeliovich et al., 1993; Bourtchuladze et al., 1994) .
There is, however, an alternative and perhaps simpler interpretation of the results outlined above. For example, if a given manipulation tended to increase subjects' tendency to (a) explore a context or (b) be hyperactive, then contextual freezing might be impaired, because heightened activity, however produced, would compete with freezing. Indeed, although there have been no systematic investigations of, for example, the influence of hippocampal lesions on exploratory behavior in the experimental chambers used in studies of contextual freezing, there is an older literature demonstrating that rats with such lesions show heightened (exploratory) activity in other situations (e.g., see Roberts, Dember, & Brodwick, 1962; Teitelbaum & Milner, 1963 ; for a review, see O'Keefe & Nadel, 1978 ; for more recent evidence, see Diaz-Granados, Greene, & Amsel, 1994; Whishaw, Cassel, & Majchrzak, 1994 ; see also Whishaw & Jarrard, 1995) .
If the alternative interpretation considered above has merit, then one might suppose that an increase in activity in hippocampal animals would interfere equivalently with freezing in the presence of any stimulus. Accordingly, the finding that the acquisition of freezing to a simple stimulus (e.g., a pure tone) can be left unimpaired by hippocampal lesions (Kim & Fanselow, 1992; Phillips & LeDoux, 1992 appears to be inconsistent with the interpretation under consideration. There are, however, a number of grounds for not accepting this evidence, or the conclusions that have been drawn from it, at face value. First, there is now some evidence to suggest that hippocampal lesions do influence freezing in the presence of a simple stimulus (Bellgowan & Helmsetter, 1995) . Second, it is possible that a given level of activity is more likely to interact with a stimulus that elicits little freezing (a context) than one that elicits more substantial freezing (a tone). Third, the response systems responsible for activity and freezing might be more likely to interact when they receive their input from a common stimulus (an experimental context) than when their input comes from different sources (a context and a pure tone). 1 Other evidence appears, at first sight, to undermine the role of hyperactivity in producing deficits in contextual freezing-namely, the observation that when rats have received preexposure to a context many days before the placement of hippocampal lesions, these lesions are less likely to disrupt subsequent contextual freezing (e.g., Kim & Fanselow, 1992) . However, if prior exposure to context results in the habituation of exploratory behavior and this habituation effect is most evident after a delay (for a review of such incubation effects in habituation, see Hall, 1991, pp. 51-53) , then rats that would otherwise show little freezing (because they are prone to explore) might be more likely to do so. Given these considerations, one aim of this study was to assess directly the influence of excitotoxic lesions to the hippocampal formation on both (exploratory) activity and contextual freezing. The second aim of this study was to examine the notion that contextual learning and spatial learning are subserved by shared neural mechanisms (see, e.g., O'Keefe & Nadel, 1978) . According to this suggestion, one might predict parallel effects of our excitotoxic lesions on contextual learning and spatial learning. To test this prediction, we assessed the influence of our lesions on both contextual learning in an operant chamber and spatial learning in a water maze.
Experiments 1 and 2
There were three groups of rats in Experiments 1 and 2: a control group, a group that received lesions of the hippocampus proper (comu ammonis; CA fields and dentate gyrus), and a third group that received lesions of the entorhinal cortex and subicular region. The final group of rats was included because of independent evidence suggesting that damage to this area, which provides cortical input to the hippocampus, fails to disrupt contextual freezing (Phillips & LeDoux, 1995) but does impair spatial learning in the water maze (Schenk & Morris, 1985) .
In Experiment 1, after a postoperative recovery period, we placed the rats in an experimental chamber, and videotaped their activity. Subjects' behavior during this period would provide an indication of whether the two sorts of lesions influence simple activity. Three footshocks were then delivered, and the rats were removed from the experimental chambers. On the next day, all rats were placed in the experimental chambers, to assess the influence of our lesions on contextual freezing (Kim & Fanselow, 1992; Phillips & LeDoux, 1992 . In Experiment 2, the three groups of rats from Experiment 1 received training in a water maze. All rats were placed in the water maze, from which they could escape by climbing onto a submerged platform located in a fixed position within one quadrant (the training quadrant) of the maze. During the test, the platform was removed, and the tendency for rats to swim in the training quadrant was assessed. This test provided an index of any disruption to spatial learning resulting from lesions to the hippocampus proper and the entorhinal-subicular complex.
Method Subjects
The subjects were 32 adult male hooded Lister rats (supplied by Harlan Olac, UK) with a mean ad-lib weight of, approximately, 350 g. Of the control subjects (n = 14), 8 received no operative intervention, and 6 received sham operations. A second group (n = 10) received bilateral lesions of the hippocampus. The third group (n = 8) received bilateral lesions of the entorhinal cortex and subicular region.
Surgery and Histology
The procedure used to eliminate cells in the hippocampus was similar to that described in Jarrard (1989) and identical to that used in Honey and Good (1993) . Briefly, after the preparatory surgical procedures and placement in a stereotaxic frame (Kopf Instruments, Tujunga, CA), rats received injections of ibotenic acid (Tocris Neuramin, UK) dissolved in phosphate-buffered saline (pH 7.4) at 26 sites. To eliminate cells in the entorhinal cortex, we used the same basic procedure, with the exceptions that (a) the lesions were made using A'-methyl-D-aspartate and (b) the coordinates of the lesions were based on those described in Yee, Feldon, and Rawlins (1995a) . Rats in the operated control group received a similar procedure, with the exceptions that no excitotoxin was injected and the path of the needle was limited to the cortical areas above the sites of the lesioned areas (i.e., immediately above the hippocampus or the entorhinal cortex).
When behavioral testing was complete, the lesioned animals received lethal injections of Euthatal and were perfused, and their brains were removed and sectioned for histological analysis. We used a cresyl-violet stain, to determine cell loss.
Apparatus
Two identical operant chambers (Campden Instruments, UK) were used. Each had three aluminium walls and a Perspex door that served as the fourth wall. The ceiling was constructed from aluminium, and the floor was constructed from stainless steel rods, through which footshock could be delivered by means of a shock generator and scrambler (Campden Instruments, U.K. Models 521C and 521S, respectively). The chambers received ambient illumination through their perspex doors from the brightly lit experimental room in which they were housed. Rats' behavior was recorded with a television camera (Ikegami Tsushinki, Model ITC-41, Japan), connected to a videotape recorder (IVC, Model HR-J41SEK, Japan).
The water maze (diameter = 2 m, depth = 60 cm) was filled to a depth of 30 cm with water. The water was maintained at 18 °C and made opaque by the addition of 2,272 ml of milk. The hidden platform was 10 cm in diameter and was located 1 cm below the surface of the water. The maze was elevated from the floor by a 60-cm stand and housed in a room (3.5 m X 3.0 m) diffusely illuminated by four 500-W floodlamps directed toward the ceiling. The room had a variety of posters and electrical fittings on the wall and a screen behind which the experimenter sat. The rats' behavior was tracked automatically by means of the system described in Morris, Schenk, Tweedie, and Jarrard (1990) .
Procedure
Experiment 1: Context exposure and fear conditioning. On the 1st day, rats were placed in the experimental chambers, and their behavior was recorded during a 3-min period before the delivery of a series of three shocks separated by 30 s. Each 0.45 mA shock was 0.5 s. Rats were removed from the chambers 30 s after the final shock, and the stainless steel rods were cleaned with a solution of 70% alcohol and 30% distilled water before placement of the next rat in the chamber. On the 2nd day, rats were placed in the chamber for 3 min, during which their behavior was also recorded.
Scoring activity and freezing. During the 3-min period before the delivery of footshock (Day 1), we scored lateral movements and vertical movements. A lateral movement was defined as the rat's snout crossing a line drawn on the television monitor used for scoring the videotapes, which bisected the left and right halves of the chamber. A vertical movement was defined as the rat's snout crossing a line drawn on the television monitor that bisected the upper and lower halves of the chamber. Pilot work suggested that these movements were very readily scored. For each subject, we first scored horizontal movements and then scored vertical movements. During the 3-min period after the delivery of shock (Day 2), we monitored whether the rats were freezing. Freezing was defined as the complete absence of movement except that required for respiratory purposes (see, e.g., Fanselow, 1990) . Each subject's behavior was sampled every 4 s during the 3-min test. A total of 45 observations were made for each subject, and the percentage of observations with a freezing response was used to summarize rats' behavior (see, Kim & Fanselow, 1992) . All scoring was conducted by an observer who was unaware of the rat's condition.
Experiment 2: Water-maze training and testing. On each of the first 6 days, rats received four trials on which they were placed in the water maze at a randomized position around the perimeter of the pool. Each rat swam until it located a hidden platform or until 2 min had elapsed, at which point the rat was placed on the platform. For half of the subjects in each group, the platform was placed in the northwest quadrant, and for the remainder, it was placed in the southeast quadrant of the maze. The intertrial interval was 30 s. On Day 7, the hidden platform was removed, and rats were placed in the pool for 1 min. The percentage of time rats spent in each quadrant of the maze was recorded. Other details of the training and testing procedure were identical to those described by Morris et al. (1990) .
Results

Histology
The extent and nature of damage to the hippocampal system were assessed using cresyl violet to stain cell bodies. All rats with lesions to the hippocampus included in the present study were assessed according to specific criteria: (a) Over 90% of the CA1-CA4 pyramidal cells and the granule cells of the dentate gyrus were removed, and (b) there was no damage to adjacent areas, such as the subicular complex and entorhinal cortex. Evaluation of whether these criteria were met was made without knowledge of the behavioral results. Two animals failed to reach these criteria and were therefore excluded from the study. Figure 1 shows horizontal sections at mid-dorsoventral levels (approximately -5.6 mm from bregma, interaural 4.4 mm) from representative rats with an acceptable hippocampal lesion (upper panels) and an unacceptable lesion (middle panels).
In all entorhinal rats, the lesion included the subiculum (including the presubiculum and parasubiculum). All rats sustained damage to the entorhinal cortex and subicular complex at all dorsal and ventral levels. There was some variability in lesion size, which was most apparent in the more ventral regions of the entorhinal cortex and the more lateral components of the entorhinal cortex adjacent to the perirhinal region. There was some very minor unilateral infringement of the lesion into mid-dorsoventral perirhinal regions in some animals. However, there was little or no detectable damage to the hippocampus, in particular to the CA1 subfield and the dentate gyrus. Examination of the lesion size or the degree of involvement of the lateral or ventral components of the entorhinal cortex did not reveal any systematic variation with indexes of behavior, for example, activity measures, conditioned freezing, or watermaze transfer test measures. Figure 1 (lower panel) illustrates a photomicrograph of a horizontal section of a representative entorhinal-subicular lesion taken at a middorsoventral level (approximately -6.4 mm from bregma, interaural 3.6 mm). Figure 2 shows the maximum (A, left) and minimum (A, right) extent of the lesion in the hippocampal operated subjects and the maximum and minimum extent of the lesion in entorhinal-subicular operated subjects (B, left and right, respectively).
Behavior
Inspection of the behavior of both sets of control rats revealed no systematic differences between them at any point during training or testing. Accordingly, we combined the scores from these subgroups, for statistical analysis.
Experiment 1: Lateral and vertical movement. Activity during the 3-min period before the delivery of footshock is depicted in Figure 3 . The upper panel shows lateral movements, and the middle panel shows vertical movements. Inspection of these panels reveals a similar pattern, with both control and entorhinal rats showing lower levels of movement than hippocampal rats. This description of the results was supported by statistical analysis. An analysis ofvariance (ANOVA) conducted on the lateral movements B Figure 2 . The maximum and minimum (left and right panels, respectively) extent of the lesion in hippocampal (A) and entorhinal plus subiculum (B) lesioned rats at various horizontal sections taken through the dorsoventral extent of the brain.
revealed an effect of group, F(2, 27) = 21.14, p < .0001, as did the ANOVA conducted on vertical movements, F(2, 27) = 18.68, p < .0001. Subsequent analyses using the Duncan multiple-range test revealed that the control group and the entorhinal group did not differ from one another and both showed significantly fewer lateral movements and vertical movements than the hippocampal group (ps < .01).
Experiment 1: Freezing. The mean percentage of observations with a freezing response for each of the groups is depicted in the lower panel of Figure 3 , collapsed across the 3-min test. Inspection of this panel reveals that both the control group and the entorhinal group were more likely to freeze than the hippocampal group. ANOVA confirmed that there was an effect of group, F(2, 27) = 3.63, p < .05. Subsequent analysis using the Duncan multiple-range test revealed that the control group and the entorhinal group did not differ from one another and both showed significantly more freezing than the hippocampal group (ps < .05).
Experiment 2: Water-maze performance. Figure 4 shows the mean escape latencies during training (A) and the percentage of time rats spent in each quadrant of the water maze during the test (B). Inspection of Panel A reveals that control rats located the platform during training more readily than rats with hippocampal or entorhinal plus subicular lesions. An ANOVA conducted on the individual scores from which the means presented in A were derived revealed an effect of group, F(2, 27) = 9.85, p < .001, and day, F(5, 135) = 40.66, p < .001, and no interaction between these factors, F(10, 135) = 1.16, p > .32. Subsequent pairwise comparisons using the Duncan multiple-range test revealed that the control group's escape latencies differed from those of both lesioned groups (ps < .01), which did not differ from one another. Panel B shows that control rats preferentially swam in the quadrant in which the hidden platform had been located during training and that rats with either hippocampal lesions or entorhinal plus subicular lesions showed little, if any, preference to swim in the training quadrant. An ANOVA conducted on the results depicted in B revealed no effect of group, F(2, 27) = 1.00, an effect of quadrant, F(3, 81) = 10.89, p < .001, and a significant interaction between group and quadrant, F(6, 81) = 3.08, p < .01. Analysis of simple main effects revealed that there were significant group differences in the percentage of the test trial spent in the training quadrant, F(2, 81) = 8.58, p < .001. Subsequent pairwise comparisons using the Duncan multiple-range test revealed that the control group spent a greater percentage of the test trial in the training quadrant than either the hippocampal group or the entorhinal group (ps < .05), which did not differ from one another.
General Discussion
The aims of this study were twofold: to assess the influence of selective lesions to hippocampal subsystems on both activity and freezing in an experimental context and to compare these effects with those on spatial learning. The results of this study were clear-cut. Before the delivery of footshock, selective lesions to the hippocampus proper, but not to the entorhinal plus subicular cortex, resulted in elevated levels of activity within an experimental chamber. After the delivery of footshock, rats with lesions to the hippocampus proper, but not those with lesions to the entorhinal cortex and subiculum, exhibited less freezing in the experimental context. Finally, rats with both types of lesion were equally impaired in learning the position of a submerged platform in the water maze; that is, they showed a similar impairment in spatial learning. The implications of this pattern of results are simple. First, the finding that lesions to the entorhinal cortex, an area providing cortical input to the hippocampus proper, do not influence the development of contextual freezing indicates that subcortical systems culminating in the hippocampus proper might provide the neural basis for contextual freezing. Second, the observation that our lesions to both the hippocampus proper and the entorhinal cortex (including some subicular damage) produced a similar disruption to performance in the water maze suggests that the contribution of the hippocampal system to contextual freezing and spatial learning has different origins (see also Phillips & LeDoux, 1995) . 2 This finding is of interest given that it has been common to assume that the task demands in learning about contextual stimuli and learning about the spatial position of a platform are rather similar. At the very least, the results that we have presented suggest that this assumption needs to be qualified.
A final question that remains to be explored is, What should one make of the finding that lesions to the hippocampus proper enhance activity and reduce freezing in a given test apparatus? Perhaps the simplest interpretation of this pattern of results is that damage to the hippocampal system produces hyperactivity (see, e.g., Roberts et al., 1962; Teitelbaum & Milner, 1963) and that this heightened activity simply competes with the rats' capacity to freeze. There is, however, an alternative analysis that preserves the suggestion that lesions to the hippocampus disrupt the process of learning about contextual stimuli (Kim & Fanselow, 1992) . Let us consider, in more detail, the nature of this suggestion and then see how it could be extended to provide an account of the enhanced levels of activity observed in our hippocampal rats.
The suggestion that the hippocampus is involved in the formation of associations involving contextual stimuli has at its core two assumptions. First, as a rat moves around in an experimental chamber, it will experience many different sets of stimuli. Second, without a representation that integrates these sets, the acquisition of a freezing response will be rather variable; this will be so because a rat might experience one set immediately before the delivery of footshock and a different set the next time that it is placed in the context. Possession of a representation that integrates the sets of elements that constitute a context will mediate generalization of conditioned freezing from one set to another. Although this form of analysis has only been applied, with any rigor, to the acquisition of conditioned responses (see McLaren, Kaye, & Mackintosh, 1989) , similar accounts have been applied to the habituation of unconditioned responses (see Konorski, 1967; Sokolov, 1963; see also Hall, 1991) . According to accounts of this kind, a rat's exploratory behavior and the habituation of this behavior might themselves reflect the formation of an integrated representation of the various sets of stimuli experienced in an experimental chamber (see also Wagner, 1981) . One implication of this account is that exploratory activity should be more vigorous in (hippocampal) rats unable to form representations of complex stimuli (see De Oca & Fanselow, 1993) .
There is little in the results of our study that allow us to reject the analysis presented above in favor of the simpler suggestion that the deficit in contextual freezing is a secondary consequence of an increase in general activity. Indeed, the sole basis for favoring this simpler suggestion is the observation that entorhinal lesions (lesions that should disrupt cortical input to the hippocampus) do not disrupt general activity (see also Yee, Feldon, & Rawlins, 1995b ). Nevertheless our results should, at the very least, give one reason to be cautious before accepting a deficit in contextual freezing as unequivocal evidence of a deficit in the process of associating a context with footshock.
